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SUMMARY 
A burning liquid-oxygen jet was observed photographically during both stable and un- 
stable operation in a gaseous-hydrogen-fueled rocket combustor. 
peared as a loosely contained mass of liquid, which disintegrated into a maze of inter- 
connected ligaments. Normal drop formation was not observed. 
bility, the oxygen flow rate responded to chamber-pressure oscillations and caused 
large variations in the atomization process. The burning rate appeared to respond to 
both the degree of atomization and the quantity of liquid within the combustor. Cyclic 
variations in the magnitude and the position of the primary burning zone were evident. 
With high-frequency transverse instability, the length of the burning jet decreased from 
its stable value and responded to the oscillations. No abrupt change in jet characteris- 
tics was evident during the cyclic process. M a s s  removal appeared as a continuous pro- 
cess depending on the gas velocity and the amount of liquid subjected to this velocity. 
The stable jet ap- 
During chugging insta- 
INTRODUCTION 
The atomization and burning of noncryogenic liquids have been extensively studied in 
a variety of environments. A basic understanding has evolved which, for  many condi- 
tions, adequately describes the combustion process. A similar knowledge about liquid 
oxygen and other cryogenic liquids does not exist. Nonburning studies of the atomization 
process of liquid oxygen a r e  incomplete and the extrapolation of noncryogenic liquid 
spray data may be inadequate because of large and uncertain differences in physical 
properties. One of the purposes of this study was to obtain a general physical descrip- 
I_ 
*Presented at Fifth Liquid Propulsion Symposium of the Chemical Propulsion Infor- 
mation Agency, Tampa, Florida, Nov. 12-14, 1963. 
tion of a burning liquid-oxygen jet during stable combustion to define unique characteris- 
tics requiring more extensive study. 
partly understood f o r  all liquids. The dynamic behavior of injection processes has been 
studied in shock tubes, resonant cavities, pulsed liquid flow systems, and other devices 
that produce unstable combustor conditions. Substantial effects on the atomization pro- 
cess have been observed, and a degree of understanding is evolving. Most of the experi- 
mental techniques involve nonburning sprays. The dynamic behavior in a burning spray 
is more complicated because mass is continually being removed by vaporization, mixing, 
and chemical reaction. This mass removal process can also respond to rapidly changing 
environmental conditions. 
riodicity in the combustion or  mass removal process remains to be evaluated. 
portance is implied in an instability analysis being conducted by R. J. Pr iem a t  the 
Lewis Research Center. A relation is evident between the liquid mass within the com- 
bustor and the growth of a disturbance. 
clic variation in this liquid mass,  and the phase relation to the disturbance may provide 
the cri teria for stability. 
mass within the combustor may be equally important for chugging instability. The pri- 
mary purpose of this study was to observe an injection and combustion process during 
instability to confirm the existence of cyclic variations in atomization and other phenom- 
ena predicted from nonburning and theoretical studies. 
With regard to unstable combustion, the injection and atomization processes a r e  only 
7 
,' 
The net effect of periodicity in the injection process with pe- 
Its im- 
The net amount of liquid mass,  the degree of cy- 
The analysis is for screaming instability; however, liquid 
The studies reported herein were made in a two-dimensional combustor that per- 
mitted detailed observations of the injection and burning process. Observations were 
made in the stable, chugging, and spinning transverse instability regions. 
jets in a diffuse hydrogen atmosphere formed the basic injection and combustion pattern. 
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(a) Assembly. (b) Cross section. 
Figure 1. -Two-dimensional c i rcu la r  combustor. 
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EXPERIMENTAL TECHNIQUE 
A two-dimensional circular combustor was used (fig. 1). Basically, the combustor 
consists of a circular injector ring 8 inches in diameter and 1/2 inch thick with 48 oxygen 
jets that inject radially toward the center of the ring. (Gaseous hydrogen is introduced 
in a diffuse manner near the oxygen jets.)  Both sides of the ring a r e  covered with circu- 
a r e  0.028 inch in diameter and a r e  equally spaced around the circumference. Je t  behav- 
ior was observed through l-inch-diameter windows, which were centered on an individual 
oxygen jet. 
that was cooled to liquid-nitrogen temperatures. A pressure-regulated gaseous- 
hydrogen supply system at ambient temperatures was used. Combustion pressure and 
oxygen and hydrogen flow rates were the primary parametric measurements for  steady- 
state performance. A piezoelectric crystal transducer in a water-cooled holder was 
used for  dynamic pressure measurements. The transducer was located immediately ad- 
jacent to the window to detect dynamic pressure conditions at the region of observation. 
Transverse combustion instability was induced by tangentially injecting nitrogen gas 
through a 1/8-inch-diameter port into the combustor. The injection port was near the 
circumference of the combustor. Nitrogen flow rates of-0.029, 0.055, 0.112, and 0.222 
pound per second were used to vary the degree of instability. The flow rate  was estab- 
lished by interchangeable critical-flow orifice restrictors located in the flow line 10 ori- 
fice diameters upstream from the injection point. Nitrogen gas was injected for  0. 3 to 
0 .4  second during a 1--second test  firing. 
r lar plates, one solid and the other with an exhaust port at its center. The 48 oxygen jets 
1 
Combustion tests were made with a pressurized liquid-oxygen tank and flow system 
1 
2 
Instability was induced by this technique in a similar two-dimensional combustor de- 
scribed in NASA Lewis Film C-226 entitled "Visualization studies of Combustion Insta- 
bility in a Hydrogen-Oxygen Model Combustor, t t  which is available on loan from the 
Lewis Research Center. 
Division (5- 5), NASA, Lewis Research Center, 21000 Brookpark Road, Cleveland, Ohio 
44135.) This film presents high-speed motion pictures of stable and unstable combustor 
flow patterns a r e  described for  spinning transverse instability. 
diameter windows. 
passed through the combustor, and silhouette-type pictures were taken with tri-emulsion 
color film. A cutoff f i l ter  placed between the light source and the combustor passed red 
light above 5800 angstroms. The camera recorded a silhouette of the oxygen jet against 
a red background with blue light from the hydrogen and oxygen reaction superimposed on 
this background. 
(Requests should be directed to Chief, Technical Information 
t operation as observed through a transparent top cover plate. Overall combustion and 
I I In the present study, high-speed motion pictures were taken through the l-inch- 
A collimated light beam from a concentrated zirconium a r c  was 
3 
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Figure 2 -Combustor performance. 
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Figure 3. - Injection pressure drop in percent of com- 
bustor pressure. 
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Figure 5. - Chugging instability. 
1 
4 
Figure 4. - Typical oxygen jet with stable combustion. 
COMBU STOR PERF0 RMANCE 
The combustor performance over the operating range covered in this study is shown 
in figures 2 and 3. Characteristic velocity varied from 70 to 90 percent of theoretical. 
This indicated incomplete combustion throughout the operating range when nitrogen gas 
was not injected to induce instability. Injection pressure drop (fig. 3) was relatively high 
fo r  hydrogen and low for oxygen. Oxygen pressure drop covered the range of interest in 
chugging instability, whereas hydrogen flow should have been relatively insensitive to 
? 
b chamber - pr  es su re  changes. 
The burning oxygen jet for typical steady-state combustion is shown in figure 4. 
This is an  enlargement of a single 16-millimeter f rame of color film, which in a'black- 
and-white print does not clearly show the burning zone. Analysis of such photographs 
shows that a luminous combustion zone uniformly enveloped the jet at the jet origin. The 
zone extended about 0.15 inch from the jet surface. The zone expanded and became tur- 
bulent downstream from the jet origin. 
with water or  hydrocarbon jets. 
interconnected ligaments. 
drop formation was not observed within the limit of resolution, about 100 to 200 microns. 
A low surface tension is implied by the jet appearance. Surface tension decreases 
with an  increase in temperature. At the injection temperature surface tension is less  
than, but comparable to, that of the hydrocarbons. The temperature of the burning jet, 
however, is not known, and the surface tension may be reduced to extremely low values 
if combustion heat is transferred to the oxygen. A high vaporization rate and the prox- 
imity of the combustion zone may also affect surface properties. Additional studies ap- 
pear necessary to describe oxygen atomization characteristics within the combustor. 
The oxygen jet was loosely confined compared 
The appearance during breakup was that of a maze of 
Isolated liquid particles were irregular in shape, and typical 
C H U G G IN G IN STA B ILI TY 
Self -induced chugging instability developed over a major portion of the combustion 
e operating range. Figure 5 shows several  characteristics of this instability. The ampli- 
1 
tude of the pressure oscillation is divided into four regions, with region 1 defined as sta- 
ble. The parameter that approximates the boundary between these regions is A P / P c  of 
the oxygen (presented in fig. 3). A stable condition exists with A P / P c  greater than 
about 0.25. 
Two modes of oscillation were encountered: a fundamental chugging mode and a 
mode with a frequency about 2.7 times the fundamental mode. 
condition occurred randomly and only in region 2. 
This higher frequency 
The four regions were separated on the basis of pressure amplitude; the primary 
5 
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Figure 6. - Typical waveshape dur ing chugging instability. 
(a) Region 1. 
(bi Region 2. 
( c )  Reqion 3. 
(d) Region 4. 
Fiqure 7. - Liquid-oxyqen-iet behavior with chugging instability. 
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reason for this division was the waveshape (see fig. 6 ) .  
- curred in region 4, and a cusp-shaped wave, characteristic of nonlinear effects, was ob- 
tained. A change in operating conditions toward a region of stability caused progressive 
The most severe oscillations oc- 
changes in waveshape. A sinusoidal wave was evident in region 3, where the wave be- 
came steep-fronted in region 2 before stability was reached in region l. An alternative 
condition in region 2 was a sinusoidal high-frequency and a mixed-mode waveshape. 
Such a progression in waveshape suggests a shifting of phase relation between the driving, 
driven, and resonant parts of the system. 
treme oscillation in flow rate  is evident f o r  region 4 with almost complete termination of 
flow. A characteristic of such flow oscillations is the liquid "mushroom" that developed 
during flow acceleration. This mushroom was produced when high-velocity flow leaving 
the orifice impinged on lower velocity flow that had preceded it and caused a piling up of 
oxygen. The intensity of the flame radiation that surrounded the liquid oxygen oscillated 
depending on the amount of oxygen present and the degree of atomization o r  dispersion. 
The degree of atomization was obviously not constant. 
cess  appears to have behaved nonlinearly, which may account for the shape of the pres- 
su re  wave observed in this region. 
Changes in liquid-jet characteristics were less  severe in region 3 and became pro- 
gressively more stable in region 2. 
tion, not shown in the figure, was more evident than changes in atomization. 
radiation changes, however, may indicate a combustion change caused by an oscillation 
in pressure or  environmental conditions rather than atomization. The description of the 
oxygen jet in regions 2 and 3 is not complete because of the limited view through the ob- 
servation ports. Downstream from the window, the jet may have had properties similar 
to those observed in region 1. Je t  behavior during higher mode oscillations were not 
isolated because of the random occurrence of this instability. 
These observations indicate that the atomization of liquid oxygen during chugging 
may exhibit nonlinear behavior. 
sity and position. Such oscillations may be more severe for  a combustion process con- 
trolled by oxygen injection and atomization than by injection and atomization of other liq- 
uids. 
sitive to perturbations in flow rate and combustor conditions. 
The oxygen-jet characteristics in the four regions a r e  shown in figure 7. An ex- 
The injection and combustion pro- 
In some instances, the oscillation in flame radia- 
Flame- 
This causes the combustion zone to oscillate in inten- 
The loosely bound property of oxygen jets and ligaments makes it particularly sen- 
SPINNING TRANSVERSE INSTABILITY 
The modes of transverse instability induced by nitrogen flow a r e  shown in figure 8. 
Sustained oscillations was the criterion separating stable and unstable regions regard- 
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Figure 8. - Transverse instabil ity regions. 
(c) Nitrogen flow, 0.112 pound per second. (d) Nitrogen flow, 0.222 pound per second. 
less  of the wave amplitude. The boundaries separating stability regions a r e  approximate 
and a r e  shown primarily to indicate trends. The first transverse mode was identified as 
spinning rather than standing by simultaneous observations at several positions in the 
combustor. 
A comparison of the four stability maps in figure 8 shows the effect of nitrogen flow 
rate  on inducing instability. As the nitrogen flow rate  increased, the unstable operating 
region expanded. The amplitude of the oscillation also increased and was approximately 
proportional to the increase in nitrogen flow. It is interesting to note that the third har- 
monic occurred prior to  the second as the instability region expanded. Combined chug- 
ging and transverse instability occurred at low oxygen flow rates. With nitrogen flow 
the chugging region was less  extensive and oscillation exhibited a higher frequency than 
in the case with no nitrogen flow. 
A circular flow was induced by the injection of nitrogen gas, which changed the nor- 
mal burning process and produced conditions conducive to sustaining combustion instabil- 
ity. Several tests with hydrogen rather than nitrogen injection indicated that the momen- 
tum of the injected gas establishes the degree of instability. Inertia and other forces re -  
sisting circular flow would be assumed to be controlling parameters. A constant tangen- 
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Figure 9. - Frequency of transverse insta- 
bi l i ty  wi th 0.222-pound-per-second ni- 
trogen flow. 
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Figure 10. -Ampl i tude of transverse insta- 
bi l i ty  wi th 0.222-pound-per-second n i t ro -  
gen flow. 
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Figure 11. -Combustor pressure waveshape at 
constant hydrogen and nitrogen flow rates. 
tial flow rate would be most effective in inducing 
circular flow at low propellant flow rates.  
stability maps appear to  reflect this condition, 
since low nitrogen flow rates induced instability at 
low propellant flow rates. 
The frequency and pressure amplitude of the 
oscillation f o r  the highest nitrogen flow condition 
are shown in figures 9 and 10. 
compare very closely with those of a 100-percent- 
efficient combustor, although they were somewhat 
less at lower nitrogen flow rates. A direct  com- 
parison with performance efficiency was not made 
because combustor pressure was measured near 
the circumference, and the added pressure drop 
due to  circular or  vortex flow increased the pres- 
su re  needed fo r  performance evaluations by an  un- 
known amount. The amplitude shown in figure 10 
is approximate because of uncertainties caused by 
waveshape and transducer response; however, a 
transducer calibration showed linear response to 
pressure to within A 0  percent for  frequencies up 
As operating conditions were changed toward 
a region of stability, a progressive change in the 
waveshape of the pressure oscillations was ob- 
served. The general nature of the waveshape pro- 
gression is shown in figure 11, although additional 
variations were also detected. Waveshape pro- 
gression was somewhat similar to that observed 
with chugging instability, that is ,  steep-f ronted 
waves to higher modes to  stable combustion. 
Again, a time response that affects amplitude, 
frequency, and waveshape of the oscillation is im- 
plied. 
implies that one form of stable combustion may 
result  f rom a highly responsive process that 
drives an  extremely high frequency at low ampli- 
tude. P res su re  records in the stable region with 
The 
The frequencies 
to 10,000 cps. 
The progression observed in waveshape also 
9 
%. 
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(ai Typical transit ion. 
(b) Transit ion for low oxygen pressure drop. 
Figure 12. - Transition from stable to screaming combustion. 
(a) Pressure amplitude, AP,/P, 40 percent; low oxygen jet velocity 
(b) Pressure amplitude, AP,IP, 20 to 40 percent. 
(d) Pressure amplitude, AP,/P, < 10 percent; h igh oxygen jet velocity. 
Figure 13. - Liquid-oxygen-jet behavior with f i rst  transverse mode of instability. 
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high nitrogen flow rates contained high-frequency noise, whereas a smooth record ex- 
isted without nitrogen flow. These two stable conditions may have been stable for  sepa- 
rate reasons. The theoretical analysis by Pr iem shows that stability can exist with low 
and extremely high burning rates;  instability occurs at some intermediate burning rate. 
Stability with and without nitrogen flow may be of these two types. 
combustion a r e  shown in figure 12(a). The tangential velocity caused by the nitrogen 
flow accelerated the combustion process and reduced the length of the oxygen jet. Study 
of such photographs together with pressure records indicate that the nitrogen flow estab- 
lished a new level of combustion rate  followed by the growth of an oscillation. The ni- 
trogen flow established a condition conducive to instability rather than pulsed the com- 
bustor into an unstable condition. 
fered in character, as shown in figure 12(b). Combustion pressure was increased by ni- 
trogen addition and accelerated burning. Oxygen flow rate  reacted to the pressure 
change and terminated for a short  period of time. 
period when there was no burning. 
These photographs time-resolve jet behavior during wave motion by a stroboscopic ef- 
fect. Successive photographs display conditions in successive oscillations. The photo- 
graphs, however, were taken at an advancing phase relation with respect to the oscilla- 
tion. One to two cycles a r e  displayed by this technique in figure 13. 
Figure 13(a) shows jet behavior during high-amplitude oscillations. 
length was about 1/4 inch; however, this length varied during the oscillation. Precise  
tracking of the jet length is difficult because of the stroboscopic technique. Jet  charac- 
teristics were not precisely repeated for each cycle, and detail changes have not been 
time-resolved. The varying jet length indicates that liquid mass within the combustor 
varied periodically, which agrees with analytical deductions. 
Cyclic variations in gas velocity appear to have caused the variations in jet length. 
The velocity effect was most pronounced at the leading edge of the jet, but it was not 
abrupt. It appears to have persisted at varying degrees throughout the cycle. Loosely 
confined oxygen was displaced o r  stripped from the main body and rapidly disappeared 
because of vaporization and burning. 
Figures 13(b) to (d) show jet behavior at progressively less  severe oscillatory con- 
ditions. Average jet length increased, and the mass removal process became less  se- 
vere. Shattering of the main column of the jet was not observed under any conditions, 
however, shattering of ligaments may have occurred. Stripping of liquid from the main 
body appears as a more important factor than effects caused by internal excitation within 
the liquid. 
High-speed motion pictures of the jet during the transition from stable to unstable 
The transition from stable to unstable in a region of strong chugging instability dif- 
The oscillation persisted through a 
Je t  behavior during transverse instability of the first mode is shown in figure 13. 
The average jet 
11 
SUMMARY OF RESULTS 
A study of the behavior of liquid-oxygen jets in relation to combustor-performance 
With stable combustion, a loosely confined jet was formed which disintegrated into 
characteristics gave the following results : 
a maze of interconnecting ligaments. Combustion radiation surrounded the jet and the 
ligaments. Normal drop formation was not observed. 
frequency, and amplitude of the pressure oscillations. The pressure oscillations caused 
pronounced changes in the oxygen flow rate and the degree of atomization. Coinbustion 
radiation varied in position and magnitude depending on the degree of atomization and the 
amount of liquid in the combustor. A complex interaction of parameters is implied. 
Screaming instability, with a spinning transverse mode predominating, was induced 
by tangentially injected nitrogen gas. Waveshape, frequency, and amplitude of the pres- 
sure  oscillations showed progressive changes that indicated a variable response time of 
interacting parameters. The average length of the oxygen jet decreased during scream- 
ing. The jet length varied periodically with the oscillation; however, no abrupt changes 
in atomization were observed. Oxygen appeared to be continuously stripped from the 
main bulk of the jet by the varying gas velocity that accompanied the oscillation. The 
process varied with the amplitude of the oscillation. 
Chugging instability was characterized by progressive changes in the waveshape, 
CONCLUDING REMARKS 
A unique characteristic of the burning liquid-oxygen jets observed in this study was 
the loosely confined nature of the jet. A more quantitative evaluation of this jet structure 
and breakup process is needed before the steady-state burning process of liquid oxygen 
and hydrogen can be fully described. This jet property also appears to make the burning 
process particularly sensitive to flow rate  and combustor environment changes encoun- 
tered during combustion instability. Jet  behavior during instability appears to be an im- 
portant interacting process, as was anticipated from analytical studies. Only a general 
physical description of the behavior was obtained, whereas specific knowledge of changes 
in the atomization and mass-removal process is needed. The phase relation between jet 
behavior and various combustor parameters is also needed to proceed in the evaluation 
of analytical models of combustion instability. The ability to observe the behavior of the 
burning jet makes this combustor applicable to further studies of this type. 
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